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Design of a Costas Loop to Operate With the Block Ill
Receiver and Its Predicted Performance

L Introduction

Inorder to test tile compatibility of tile current urdionwtric

system in a IISN environment with suppressed carrier binary

ph:tse.sltifl keyed (BPSK) signirl]ing and Costas loop carrier

recovery. n Costw loop has been designed and construcvcd to

Opcr:ltc willl the 13tock Ill reccivcr. It 110sbeen tested with the

Bk>ck III ret’civcr at the Tclcc{>ltllrlltllicatiofls Develo;mwnt

Lolwratory (TDL) ml its mcosured performance. with respccl
IL> th)pplcr tracking. IUIS been reported in Ref. 1. This nrlicle

dcscrihts its ~csign considerations. Its expected performance

rc~:lrding ste:ldy state PIIWC error under assumed Doppler
conditions. rms pltose jitter. and their respective sensitivities

Ivilh respw to wrrinlions in signal. to.noise ratios m discussed.

Tlw loop’s expected pull-in time is also given. SysMnl desi!n

t.<>l]si~tcr:ltii>lls u,ill tlrsl bc discussed in Section Il. Descriptions

of Iwrdunrt design snd conslructirm w’ill be givers in Scclion

II 1. I’rtdictcd ptrfornl~nce will he discussed in Sections IV, V,

:1(111\’1.

il. System Design Considerations

The Costas loop is designtd to bc operntrd jvith IIW 1310rk

Ill Reccivcr in the long loop mode. controlling lhc \’CO input.

the output of which is multi plictl 10 S&sntl for L:sc il; t!:: firs:

mixer. The sysiem contlguratims is illustr:ltcti in Fiy. 1. Tl]is
loop $vill provide the Block III wccivcr with !hr o~~tiim t>f

Irosking Supprcswd carrier siy:lls. in :Iddilion 10 Ihc cxis[ing

~:lpilbility of tracking residual corrier si~mrls, In ortk’r 10 c:lrry

OtII tlIC dwired tests. M mentioned in l-?e~. 1. of the e:trticsl

time possible, the Costjs loop nlodillc:l;ion is d sc:llcd dottll

version of [he carrier tracking loop 10 bc Ilstd in lIIC

Nlultime$abit Telemetry Demodulator and Dctccror (\l TDD)

now under developrswnt. In p:wliculflr, this current Ctx[as l{~{~i~

dcsiSn utilizes a con)plcx mixer which wss tievclopcd in e:lrlicr

projects (Refs. 2 and 3) anti IKSS a b:lndwid!h of lrss tll~n
2 X1117. Becdt[se of this inlwrcrrt bondtvi~ilh Iinlit:}litul IIw

dcsiyled (’ostas loop csn only track si$n~ls havin$ d:lt:l r:llrs

up ro I meysymbol per scconJ (\l S1’S).
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The Costus loop constructed has a hurd Iimitcd irsphwc

Chunncl, so IIINI IIIC third multiplier which llcrivcs tllc 100p

error sigmrl is a chopper.type dcvicc. This is illmtrotcd in

Fig. 2, TIIC inphnsc (1) and qwtdrature (Q) arm filters arc
onc-potc RC filter.s, which ore mrlcd to the data rutcs rccclvcd.

The loop filter h:ls trnnsfcr tlmction of the form

1 + 72s

F(s) = ——
1+7, s

(1)

so tll:lt the loop is a second order loop.

The design goal of this loop is to bc itblc to track

supiwcswl carrier BPSK signals with symbol SNR’S (ST/No) m

low 3s -4 dll with ms rnls plwsc jilter Icss than or eqmtt to
.l ~cgrcCs. III ~tltlilion, IIIC stcody stale phase error is to be less

thun or equ~l to 3 dcgrccs with Doppler offsets less than 2 kllz

and Doppler r:ltcs of 2 llz/s or Icss. The design parameters to

lW Mcrmit]cd in n Costm loop are [hc arnl filter bmlwidtlls

Nnd IIIC loop Iiltcr tinle const:mts, or eqtliwtlcntly. tile

squ:wing I{>sscs(Ref. 4). loop bundwidlhs (B, ) and dwnping

f;lctor (~1 in addition to the open loop goin. Cl order to mecl

tllc stcody st:lle

Scclion V 11101Illc

phose error requirements it
tol:Il loop gain Ilus to wtisfy

A’T> 2.4X 10s

is shown in

(2)

The I,){q> ll~lndwidth constraint. in order to meet Iht jitter

rrquircnwnl. is foutld 10 be

wtlcrc I/T is IIIC dots rate received. For the four d~tir nrtcs of

concern in Ref. 1, the loop bwsdwidtlls are, at the design point

with ST/,\ro = -4 dtl, scl&ted from Table 1. These loop bsnd.

widths are design point v~lucs and they ittcrc:we with ST/i\ro.

The arm tlltcr noise bandwidths are chosen 10 equtil twice the

d:ttn rutc. so t!ult sqwring losses are acccpttiblc.

Ill, Description of Hardware Design

A block diagram of the CIMIM I(liyt ph:lw dctcct,~r uNtl III*II!

tiltcr asscmhly Ilarclware is shown in ~ig. J. TIIC 10 \ll l/ ll;

Signal i$ OlllplitlCd ~tld O~@iCd IIJ Ihb’ illlllll L}f J 2%1}’ Ihlttl’r

splitter. One output drives a true rn}s voltmeter whik.h is Ilwil

m is sigrurl level monitor when mljusting !IW IF siy:ll Imrl. Tlw

other power spliltcr output drives a 10 \lI It quodr:tturt 11:

mixer (complex mixer). Inph; lsc and qmldroturc [ l&Q) Iutw.

band siynls are gencrotcd by the complex tniscr l~y splil[ing

the IF signal into two iwths ond mixin~ !viih 10 !tll 11 I,(J

signals which ore in pl)mc qwrdrnture. TIN rcsultiny Iwwlutid

miser products we then bandlimi[cd to Z \!l Iz by ~+ccli~vl

elliptic low pass Iiltcrs. /\ dclailcd dcscriplitln ()( IIlc (tmlplL’I

mixer is given in I?efs. 2 ;md 3.
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IV. Tracking Analysis of the Costas Loop

TIN tr:wking pcrform:mce of a Costw loop with lxrrd

Iimitcd in pllusc chfinncl has been anolyzcd in dctsil in Ref. -1.

B:lsibwlly, the stetldy stale p!urseerror ntldllle rttlspl~ascjittcr

of lhc Ioop;lrc dcpcndcnl upon the signal suppression factor??

:Ind Ihc squoring loss Fdclor S1 , in addition to olher design

p:lr:lmctcrs such us loop fitter t~lllecollstst]lsatld thegoinsof

IIIC plxme drtcctor md the VCO.

Sigmd suppression on the loop error signal is due to the arm

Illtcrs and I!W hml limiter, and varies with ST/A’O and the

choice ofurtn filter bundwidth relative to the data rnte. \\’lwn

the ml filters are one.pole RC’ filters, this signal suppression

foctor tih:ts bcms evaluated in Ref. 4. The results are shown

herein Fig. 6. Thetotal loop gain intlle Cos!:lsloopdesignm

dcscribctl in Scc!ion Ill is dependent upon Zf through tllc

following rclutionship:

(4)

where S is the average signal power at the output of the

t]~~tlll:ll guillcontr(>l (hlGC)ttnit, KP isthcphase detector gain.
K, is IIle VCO g:lin, nnd A’LF is the wrriable loop tiller goin as

dcscrihed in Section 111. Both loop bandwidth and damping

v:lrics ivitll loop goin. and they are thus also SNR dependent.

Tllcs:ltllc istllllsalsotr~te fortlle ste:tdy sttiteplms eerrorand

[hc rll~spll:lsejittcr(>ftllc loop. Tlwse tlcpcndence saw further

discllssctl in Scclion V,

The rlllspllasc jitter ~~fll~e lclopfor agivel~loop balld$vidtlt

I]L isgivcnby Rcf.4.

“:=[(Y)(*)’,]-’
where S, is the sqwrring loss (actor, which is ICS5than unity,

:Ind is :Ilw dcpt-ndcnI upon ST/NO mld the arm tllter

bondwidth. The squaring loss oftlle Costasloop !vitlt allord

Iimilctl in plursc channel mi one pole low pass RC 3rn~ filters

IUIS IWCII cvoluaIcd in Ref. 4, and tltcrcstllts areil!cll]dcdin

Fig. 7 for rcfcrcnce.

\~ith ZwldS,, Iinownfrmtt Figs.6atld 7itisll]etl straight

~orword to dclcrmine lheparanletersin lllel{l(~pdtsignotlilti)
prttlict IIM performwwe of loop as ST/,Vo varies. These arc

discussed in Ihc next section.

,l,,T<(~s,) (+):=,.4x[()-J ((),

This resutled in the dtsign p{}inl l(~t~p b:mJ!vidtlls Iislc,l ill

T:tble 1.

011=A)+(3’ !-)
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in order (or @,, IU bc <3 dcgrccs for a Doppler OITSCI 01’

2 kl Iz ;Ind o fk~pplcr role of 2 I Iz/s it follows from ~q. (7)

IIIJI IIIC tt~lul loop goin A’T must satisfy

“‘A’ ‘ 2“4’‘Os‘s)
Wiltl KT dclcrminct.1 as ubove it is strtiightforwcrrd to dcler.

mine the variilblc loop filter guin A’l, F from Eq. (4), given the

signul power S. Ihc VCO gfiin A’,,. irmi the phase detector g:lin

A’P, The VCO gain K, in block Ill is equal to 2rr X 96X 400

r~diuns/vtdt. The phase delector gain A’P is mewlred to be

0.6-16 volts/radians. however, IIIC signal level @ is SNR

dcpcmient. since it is controlled by a manual gain control

(NIGC) which holds [he signal plus noise power constant in the

IF b$nclwidth (&?lF) of 7.92 hlllz. II can bc derived Ihot [he

sign~l Ievcl @aller hlGC is given by

ahm= —r BIFT
(9)

‘ + (sT/No)

\\,llcrc x = 0.15 VOI1 is the dcsircti average signal plus noise

ptwcr in the hlG(? output md is determined by the tippro.

pri:lte input level 10 the complex mixer m described in Section

II. Since & cquuts 0.29S at ST/N. = -4 dtt with arm Illlcr

BT = 2. tht loop tlltcr g:lin Kf, F is then dclcrnlined fron~ Eqs.

(4). (S). UIIL! (9) 10 bc:

2.4 x 10s.—
fix 0.1s

(0.2W) (0.646) (Jrr X 96 X 400)

r

B,FT
l+—

sT/No

(lo)

~\l Ihc dcsi$n p(~inl .$T/N,, = -4 dll. with B,F = 7.29 htllz.

Ihcst required values of A’I, F”s arc determitwd to be Ihe

f~}ll~~wing:

VJri:lblc Loop Filter Goin Seltings K,eF

[llld tkllcs K[ ~

100 Ksl’s 33J
:~” 210.5

With /],, rcquirtments given ill Tubk I :ItId IOIJI (lPtII l~N~P

gain A’T requircmcnls givers in Eq. (7), it is slr:tiglllfllrjv:lrtl I(!

determine the loop Inter time constun!s rl :Ind r: fr~)m IIW

following well.known rtktlitsnships (Ref. 5 ) (!f WWld wdcr
loops wilh loop Iillcrs of the forms given in IIq. ( I ):

KT
=—

‘1 (11)
w:

Requiring to (design point value) to be o.TOT. SII 11101w,, =
I .S9 et,, I1lC rcsp?clivc VJIUCS of r, :Ind r: :Ire dctcrmim’d

from Eqs. (1 I ) ml (12) ro be those given in Toblc 2.

Next we consider the performance of this li~t~p dcsigtl :IS

ST/NO increases above -4 dB. LIOIII Z, Kp S1, :Ind 111, urc

dependent upon ST/NO. The licpemicnces on .$T/.\’,, oi cTund

St, have itlready been given in Figs. 6 unti 7. TIN dcpcnticntc

of A’r on ST/N. comes from Z NSWCII :IS the siqlul filmvl

afler hiGC. as given in Eq. (10). From Kr and rl IIW Il:llllr:ll

frequency u,, of the loop con be dclcrmim.nl from lq. [ 1 I ).

and from wilich ( cun bc determined from Eq. ( 12). Giwn w,,

i!nd /, BL cm be Jetermincd by lhc following WCll known

relationship (Ref. 5) of second order loops:

w,,
BL=~ () I

{+Tf
-

The dependence of Bf. wi { 011ST/NO urt pltuteti in Fiy. N

and 9 for this Costas loop design. Given B,,, S,.. the rms jilter

can be determined from Eq. (5), Also. the ste~dy stole plurse

error. given KT and w,,, can be dt[ermined from Eq. (7). Their

respective dependencies upon ST/J\ro urc pk~ttcd in I:igs. 10

and 11.

VI. Pull-in Time Considerations

In the ~bsence of noise, the dynamic loop error siyt:ll in

Fig. 2 has the form

500 149.6
1000 107 where ~ (f) is the pktsc rrror proctss. d(t) is Ih b:lscb:Ind tiJIJ

waveform, and the notation ‘fi is used IO den~~l~ IIw.—
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opcrstiorr or lhc arm fillers. Suppose we assume the filtering

operation is negligible, which will be seen to be justifiable for

pull-in time considerations, then the differential cquatirrrs thot

governs IIW dynon~ics of the COSIM loop is given by

110— = ~ - h’F(p) {sgn [COS0 (t)] sin O (t)} (’l 5)
(It

where O is the received carrier phase, F is the loop lllter

trunsfcr function, p is the Ileaviside operator d/dt,and K is a

constunt proportiorsul to the signal level. the VCO gain, and

the phase detector gain. Strictly speaking, K depends iIlso

upon the frequency offset between the local VCO and the

incoming c~rricr, TIICfunction sgn [COS@(I)] cms be expressed

in :! Fourier series:

sgrs Icoso(t)l =; ~ 4A Cos [(2A + I)d(r)]
k=o -

( I 6)

which ctmsisls only of odd Iurrmonics of ~(r). During Ihc

ucquisititm ph:lse lhc Ierm corresponding [0 k=O has the

domin:lnt cffccl on Ihc loop, since all terms in Eq, (1(i) pdss

Ihrougll tile loop IIltcr. TIIus, to a good opproxinuuion. [hc
Iwll;lvk>r of tilt cos[;M 100p, rrcglccling the arnl filters and

igl~t~ril~gl~igllcr.l~r(lcr Dt>pplcr dcriv:ltii’cs, isgoi!erncd by:

wlwrc 5 = 20, A“ = ~2/rr) K, msd Ho = 2S2., where flo is tl}e

inili:]t frequency offset in radians per second. The ~ process

Ihcu s:llisfics Ihc Wtnc well-known diffcrcnlint cquolion

(l{cf. 5) tlwt is s:]tisficd by on ordin~ry phssc lock 100it. The

effcctivc Doppler offsel is now

2K ‘.

2f20, ond the effective gain is

This implies I no I <2 d=. SUPIWSC t hc inili:tl frcquctl,-!

offset is snloll compflrcd to [he arnl Iillcr lulndividlh; Ihcll K‘

here shoutd be very dose to KT, the 101:11 limp g:tin &@

parameter discussed in Section V. For lht dcsigu ;II 101) I(SI’S

discussed in Section V wilh Kr = 2.4 x l~s. 71 = I ls.~ ~.

~M~ 72 = 0.03 I s.! SW, { is 0.707 und w,, is 46.2. \\lWl IIlc-’

wlues are substituted ir! Eq. ( I ‘JL Ilk’ pull-in r:lngc !>
computed 10 hc

This pull-in range is nlucl) n;lrrillvcr 111:1!1Illc :Irm I’illc!

[l:]tl~wid[ll, \\,llicll cqu:lls 200 kl 1? Ivlk’11 t Itt rcceivcd d:ll:l r:llc

is 100 KSI’S, so we orc jusli!lcd in ncglcclin$ arm filler cffctls

for [his conlput:ltitm.

d:— = RO-2K’FQS)3
({l

(Is)

VII. Conclusions

Let ~ Nld ~,, denote the damping factor and naturol

frcqmwcy. respectively. of the linearized model Eq. (1$). Then

~:md G,, are equal to w~ and flwn respectively. where t

:Ind CJ,, :Irc those given in Eqs. ( I I ) and (12) which correspond

[u IIlc Iincorized differential equation governing @ rather than
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Table 1. Loop bar$fwldtha

Design poin I

Dim r:ltes Loop bmrdwldthaI ST/NO * -4 dB
—..———

100 KSPS 24.04 1[2

250 KSPS 60.1 Ilz
Soo KSPS l~z,z }Iz

Iooo Ksrs 244.4 1{2

Table 4. Loop filter. deslgna

—.. —.- --.——.—- -- ---.-.--—
Data rates R, h’: R., (“

—.—- -—-.._—-—— ------ . —

100 KSPS ~@K 3.*$K 1I)\! 9.9: “f
~~o ~sps ~11~ 6.6tlti ION 1.!!(!(, “r’

y.lo KSPS $~~ 1~.s~ I o\l ().449s “1’

1000 UPS ~(1~ 27.2K 1ON ().ll:\@l’
—..—-.———— . .

Table 2. Loop flltera

Loop filter time conskzntl

DJ13 rates
‘1 ‘2

[00 KS’S [ [ ~,~(j ~ 0.031’24 s
2S0 Ksps 18.00 S 0.01246 s
w KSPS 4.s00 s 0.0061179

I 000 KSPS l.l~s, 0.00306 S

Table 5. Pul14n thnas of the Costas loop design recelvlng data rate
al 1W3KSPS

lniti~l rkqtmw’ OITWI I’ull.in limt
———. --- -. —-—

100112 2.s3 *
200112 11..1 s

300 }12 ~5,47 s

400112 J~.:~ ,

Table 3. Arm filter deslgna

R c

I 00 Ksl’s 8 X 10s wdh Slo fl ~.lsl pr
~~() KSPS 2 X 106 r$d/s Slofl 9!!0 p(
$00 KS1’s 4 X 106 radls Slon 490 pr

I ()()()Ksl’s 8 X 106 rsd/s 510f2 24>pf

(.fZ= 3 dB corner frequency)

.
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